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Abstract 

The standard-model explanations of the anomalously-large transverse polarization 
fraction f T in B — > <pK* can be tested by measuring the polarizations of the two 
decays B + — ► p + K*° and B + — > p°K* + . For the scenario in which the transverse 
polarizations of both B — > pK* decays are predicted to be large, we derive a simple 
relation between the / T 's of these decays. If this relation is not confirmed experi- 
mentally, this would yield an unambiguous signal for new physics. The new-physics 
operators which can account for the discrepancy in B — > ttK decays will also con- 
tribute to the polarization states of B — > pK*. We compute these contributions and 
show that there are only two operators which can simultaneously account for the 
present B — > nK and B — > pK* data. If the new physics obeys an approximate 
U-spin symmetry, the B — > (pK* measurements can also be explained. 
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1 Introduction 



One class of B decays which is particularly intriguing involves processes whose prin- 
cipal contribution comes from b — > s penguin amplitudes. The reason is that there 
are already several results in these processes hinting at the presence of physics be- 
yond the standard model (SM). 

First, within the SM, the CP asymmetry in B° d {t) -> J/ipK s (sin 2(3 = 0.725 ± 
0.037 P) should be approximately equal to that in penguin-dominated b — > sqq 
transitions (q = u,d,s). However, on average, these latter measurements yield a 
smaller value: sin 2(3 = 0.43 ± 0.07 0. 

Second, within the SM, one expects no triple-product asymmetries in B — ► 
<pK* 3\. However both BaBar and Belle have measured such effects, albeit at low 
statistical significance jl]. 

Third, the latest data on B — > nK branching ratios and CP asymmetries [5] 
appear to be inconsistent with a SM fit [HI El- The model- independent analysis in 
Ref. [7j has shown that the data can be accommodated with a new-physics (NP) 
operator in the electroweak penguin sector. 

A fourth possible hint of NP occurs in B — > V1V2 decays, where the V\ are light 
vector mesons. In such decays the final-state particles can be found with transverse 
or longitudinal polarization. SM factorizable amplitudes, which are expected to 
dominate in the heavy 6-quark limit, result in a dominant longitudinal polarization, 
with the transversely-polarized amplitudes suppressed by m v /m B . While this is 
realized for B — > pp decays, which receive b — > d penguin contributions, in B — > (f)K* 
decays it is found that the transverse fraction f T is about equal to the longitudinal 
fraction f L [HI El- Competing NP (TUl HI], and SM [HI [131 d explanations have 
been proposed. B — > pK* decays may offer a way to resolve this discrepancy. 

In this paper we will be mainly focussing our attention on the third and fourth 
points above. In the decay B — ► pK*, unlike B — ► <f)K*, there are two states, 
distinguished by the charge of the p meson: p + or p°. Here, the final-state particles 
are also vector mesons, so that one can measure their polarization states. Now, the 
polarization states of B — > pK* can be related to those in B —>■ <pK* . For this latter 
decay, it is not clear whether the large observed value of f T /f L is accommodated 
by the SM or best explained with NP. However one can distinguish between a SM 
and NP explanation by comparing the two charge states. In particular, we show 
that if one of the SM scenarios proposed in Refs. O E3] does explain the large 
B — > <f)K* transverse polarization, then the transverse fractions of the two charge 
states in B -> pK* should satisfy /+//" ~ 2(BR°/BR + ). Alternatively, if the SM 
scenario for the B — > <f)K* modes in Ref. i s correct, then the f L fraction of both 
charged B — > pK* decays should be greater than 90%. If neither of these two results 
is observed then non-SM physics is involved in the decays. We derive and discuss 
these prediction in Sec. [21 

The decay B — > pK* is described at the quark level by b — ► sqq (q = u,d). This 
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is the same quark- level decay that contributes to B — > nK. If there is NP in these 
latter decays, it will affect B — ► pK* . Thus, given a B — > 7riC NP scenario, we can 
examine its effects on the B — > pi^* polarizations. We review the data onB-» 7riT 
decays, as well as the size of NP operators which can account for it, in Sec. El 

Sec. |U contains the calculation of the contribution of these NP operators to the 
polarization states of charged B — ► pK* decays. Under some simplifying assump- 
tions we show that only NP operators of the form b~f R s d~f R d or by L s d^ L d can explain 
both the 7rK and pK* data. We then discuss ways of testing this scenario. 

Finally, in Sec. 03 we examine the consequences of the NP scenario for B —>■ <pK* 
decays. We show that if the NP respects an approximate U-spin symmetry, it can 
simultaneously account for the ttK, pK* and <pK* data. We conclude in Sec. |3 



2 B — > pK*: Standard Model Predictions 

Before examining the contributions of new physics to the polarization states in 
B — > pK* decays, it is first necessary to understand the SM predictions for these 
states. 

In the following, we denote Aq as the longitudinal polarization amplitude for a 
decay, and A ++ and A as the amplitudes with both vector mesons in the right- 
handed or left-handed helicity state, respectively. The transverse amplitudes are 
then A\\ = (A ++ + A__)/\/2 and A ± = (A ++ -A ) /y/2, while the total amplitude 

k 



squared is |Aotai| 2 = I A) 1 2 + |^|| 1 2 + |Al| 2 - The individual polarization fractions are 



|A)| 2 l^lll 2 I^J-| 2 

| -n- total | | ^total | | ^total | 

For a given decay, the branching ratio is related to the polarization amplitudes by 

BR = (|A | 2 + |A,|| 2 + \A ± \ 2 ) PS/r total , (2) 

where PS is a phase-space factor, and r tota j is the total decay width . 

It is useful to express the amplitudes for the various decays in terms of dia- 
grams ^H]- These include a "tree" amplitude T', a "color-suppressed" amplitude 
C, a gluonic "penguin" amplitude P', a color-favored electroweak penguin (EWP) 
amplitude P' EW and a color-suppressed EWP amplitude P'£ w . Other diagrams are 
higher-order in l/m B and are expected to be smaller. They will be neglected in our 
calculations. Here the prime on the amplitude stands for a strangeness-changing 
decay. 

The diagram P' in fact includes three pieces, corresponding to the internal quarks 
u, c and t. 

p' = v: b v us p' u + v; b v cs p' c + v; b v ts p[ = v: b v us p' ut + v; b v cs p' ct . (3) 
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Here, PL. = P' q — P' t (q = u,c). On the right-hand side, the unitarity of the Cabibbo- 
Kobayashi-Maskawa (CKM) matrix has been used to reduce the number of terms. 
Since |T^,V^ S | <C lKS^csl> om y the ^ as ^ t erm above is important; the first piece can 
be neglected. In addition, P' EW and C are expected to be smaller than P' EW and T' 
[To] , and will also be neglected in our calculations. Our amplitudes will therefore be 
expressed in terms of the diagrams P^, T' and P' EW . 

Furthermore, it has been shown that, to a good approximation, the EWP am- 
plitude P' EW can be related to T' |TB]: 



± EW — ^ 



Cg + Cio Cg — Cio 
C\ + C 2 C\ — C 2 



l sin(/3 + T ) r/ ^_ zr ^_ 65T 
X z sin [3 



where A = 0.22 is the Cabibbo angle, (3 and 7 are CP phases (the phase information 
in the CKM quark mixing matrix is conventionally parametrized in terms of the 
unitarity triangle, in which the interior (CP-violating) angles are known as a, (3 and 
7 |B]), and the q are (known) Wilson coefficients [T7| . 

We begin with a study of B — > <f>K*. This is a pure penguin decay whose 
amplitude can be written 

A(B - 0iT) ~ - ip^ w - l -P' E ^. (5) 

The penguin operator P^ has (y — A) x (V — A) and (V — A) X (V + A) pieces 
while the EWP's have mainly (V — A) x (V — A) structure. For operators with 

(V — A) x {V =F A) structure, a single spin flip is required to produce the A 

amplitude and a double spin flip for the ^4++ amplitude. Each spin flip leads to a 
\jm B suppression, causing the amplitudes A± and A\\ to be l/m B suppressed. Thus, 
the SM operators naturally contribute mainly to the longitudinal polarization in 
B — > (f)K*; their transverse polarization contribution is down by at least 0(l/m B ) 
relative to the total decay amplitude. The SM predictions for this decay can then 
be written as 

/ L = 1-0(1/7/4) , f T = 0(l/m 2 B ) , l± = l + (l/m B ) . (6) 

/II 

The large transverse polarization observed in B — >• (f)K* is then a puzzle for the SM. 

However, there may be certain sources of large transverse polarization within 
the SM. Rescattering effects from tree-level b — > sec operators have been identified 
as a possible source of large transverse polarization (T21- In Eq. (JUJ) this effect is 
represented by P' c and is contained in P' ct . The claim here is then that rescattering 
effects from P' c can enhance one or both of the transverse amplitudes associated with 
P' 

Another possible source for the enhancement of the transverse amplitudes is 
associated with P' ct though annihilation topologies jTHj. The dominant contribution 
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comes from the (S — P) x (S + P) operators in the effective Hamiltonian, produced 
by performing a Fierz transformation on the (V — A) x (V + A) piece of P' ct . Even 
though formally suppressed in the heavy m& limit, these contributions can produce 
an 0(1) effect on the transverse polarization amplitudes due to large coefficients. 

Finally, a third SM explanation for the large transverse polarization in B —>■ <pK* 
is proposed in Ref. [Tl]. Here, the transverse amplitudes are enhanced because the 
gluon from the b —>■ sg transition hadronizes directly into the (f>, with the exchange 
of additional gluons to take care of color factors. 

We therefore see that it may be possible to account for the large transverse 
polarization in B — > <pK* through SM effects. Fortunately, it is possible to test these 
explanations through the measurement of the transverse polarization in B — > pK* 
decays. The key point here is that, in contrast to B — > <pK*, there are two decays, 
B — > p + K* and B — > p°K*. It is the measurement of the polarization states of both 
decays which allows us to distinguish the various explanations of the B — > <pK* data. 
In the following, we concentrate on charged B decays; the discussion is similar when 
neutral 5's are involved. We use the indices '+' and '0' to indicate the decays 
B + -> p + K*° and B + -> p°K* + , respectively. 

In the SM, neglecting the small amplitudes, the two B + — > pK* amplitudes are 
given by 

A(B + -> p+K*°) = A + = P' ct , 
V2A(B+ -> p°K*+) = V2A° = -P> A - T e^< - P' EW . (7) 

We have explicitly written the dependence on the weak phase 7, but the amplitudes 
contain strong phases. These amplitudes allow us to test the SM explanations of the 
large transverse polarization in B — > <pK* by comparing the two B — > pK* decays. 
In particular, we calculate the transverse polarization pieces of 



\A+\ 


2 - 2 \A°\ 


2 




\A+\ 


2 



Consider first Ref. which invokes rescattering from tree- level b — > sec opera- 
tors, so that P' ct is affected. The rescattering represented by P' u (b — > suu operators) 
is small because of CKM suppression, so that the amplitudes T' and P' EW are es- 
sentially unaffected. Ref. ^Hl is similar. Here, large annihilation effects modify P^; 
the amplitudes T' and P' EW remain effectively unchanged. In both cases, the change 
in P' ct persists in B — > pK* decays, so that a large transverse polarization in these 
processes is expected. Since both decays are dominated by P^, to leading order the 
numerator of Eq. |H] vanishes, and it is predicted that 

ft ^ 2f T . (9) 
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The systematic error in this relation comes from the contribution of T' to the trans- 
verse polarization, which is suppressed by m v /m B : 

sys = O ~ 10% . (10) 

We repeat that this systematic error holds only for the case in which the transverse 
polarization in both B — > pK* decays is large. If it is small, then the systematic 
error is correspondingly larger. 

In the third SM explanation ^3], the transverse amplitude in B — > cf)K* is 
enhanced due to direct gluon hadronization into the <fi. Since the gluon has isospin 
zero, there should be no effect on B — > pK* . Thus, in this model the usual SM 
arguments apply to both decay modes, giving a f T that is suppressed by (m v /m B ) 2 . 

These qualitative arguments can be made quantitative. We note that the am- 
plitudes given in Eq. (j7J) apply to the longitudinal and transverse polarizations in- 
dividually. Thus, the transverse pieces (T =_L, ||) of the two amplitudes are related 
as _ 

V2{A°) T = -(A + ) T [l + x T e iAT ] , (11) 

with 



rpl %1 , pi rp, / j 7 _ 7\ 

iA T _ r J_ 1 ew.t _ j tI c n ) (12) 
T pi P 1 



Now, because QCD respects isospin symmetry, the phase factors in Eq. (J2J) for 
both B + — ► p + K*° and B + — > p°K* + are equal to within a few percent. Thus, 
a prediction of the SM using Eq. (fTTj) is that the transverse polarizations in both 
charge states of B — > pK* should be related. At leading order, ^/2(A°) T = — (A + ) T) 
so that 

_ /+BR+ - 2/ T °BR° ^ 

J+EKt °- (13) 

The systematic error in this relation, AE T , can be estimated by keeping terms 
linear in x T : 



IT' I 

AE T w -2x T cos A T , x T w f^?(l + Z 2 - 2Zcos7) 1/2 a 



T , (14) 



where P' L is the longitudinal contribution from P' . Using \T' T \ ~ (m K * /m B )\T' L \ and 
taking |T^/P^| ~0.4|, we find 



AE T \ < 10%, 



\ I ' (15) 



From this expression, we see that a large value of \j ft I ft would result in a smaller 
systematic error in Eq. ([13)1 . Thus, this relation is most useful if a large transverse 
polarization is observed in the p + K* mode. 
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Table 1: Branching ratios and polarization fractions for the two B + — ► pK* decays. 
Data comes from Ref. ^H|; averages are taken from Ref. [TH] . 







B+ -> p+K*° 


B+ -> p°K* + 


br[\q- & ] 


Belle 
BaBar 
average 


8.9 ±1.7 ±1.2 
17.0 ± 2.9±|:g 
10.6 ± 1.9 


10.611 e ± 2.4 
10.6li| 


h 


Belle 
BaBar 
average 


0.43 ± 0.11^ 
0.79 ±0.08 ±0.04 
0.66 ±0.07 


0.96+^5 ± 0.04 

o.96l8:Sg 



Relations involving the longitudinal polarizations will have errors of the order 
of x L ~ (m B /mK*)x T , which can be significant. Additional measurements, such as 
direct CP asymmetries and triple-product asymmetries in both pK* modes would 
provide important constraints on the various amplitudes and their phases, thereby 
providing strong tests of the SM. 

The above SM predictions can now be compared with the present B — > pK* data, 
shown in Tabled Using the central values, and using the SM relation A± « A\\, 
we find E± « En ~ 77%. This is very far from the expected value of zero, so 
that one might be tempted to claim the presence of new physics. However, even 
though the systematic error AEj_ « AKi is relatively small, ~ 20%, the statistical 
error is enormous, ±129%. Thus, the errors are still much too large to claim any 
discrepancy with the SM. However, this does demonstrate the importance of more 
precise measurements of the polarizations in B — > pK* decays. 

While the predictions of Refs. O E3] are not invalidated, the same is not true 
for Ref. [H]. In this scenario, the f L fraction of both charged B — > pK* decays 
is predicted to be greater than 90%. However, the data in Tabled show that this 
clearly does not hold for B + — > p + K*°, ruling out this SM explanation at the 3.5cr 
level. 

Finally, we note that in the pQCD approach, even with annihilation and nonfac- 
torizable effects, the large transverse polarization in B — > <pK* cannot be explained 
|2D] . In Ref. , it is argued that one of the B — >• K* form factors must be reduced 
to explain the B — > <fiK* polarization. It is not clear whether this can be done, but 
the prediction of this scenario is then that the B — > <pK* longitudinal polarization 
is smaller than that of both the B + — ► p + K* and B + — > p°K + * modes. The careful 
measurement of the polarization fractions in the B — > pK* modes will test this 
scenario. 
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3 B — ► Tri^ Decays 

There are four B — > ttK decays. In the SM, neglecting small diagrams as usual, 
their amplitudes are given by 



A(B + -> n + K°) = A +0 = P' a 



Ct 1 



V2A{B + -> 7T°^ + ) = \/2A 0+ = -TV 7 - - P' E 



A{B° -> 7T-^+) = A-+ = -TV 7 - 



V^A(S° - 7T°K°) ee v^A 00 = P c ' t -P^, (16) 

(Isospin implies the relation A +0 + y/2A 0+ = A~ + + y/2A°°.) It is difficult to explain 
the present data (branching ratios, CP asymmetries) using only this parametrization 



We therefore consider the addition of new b — > sqq (q = u, d) operators. One 
can show that the strong phase of any NP operator is much smaller than that of 
the SM [22J. In this case, for a given type of transition, all NP matrix elements can 
now be combined into a single effective NP amplitude, with a single weak phase: 

£ (nK\ 0% p \B) = A*e»* , (17) 

in which the symbols A and $ denote the NP amplitudes and weak phases, re- 
spectively. In B — ► 7iK decays, there are four classes of NP operators, differing 
in their color structure: b a TiS a qpT jqp and b a TiSpqpT jq a (q = u,d). The matrix 
elements of these operators can be combined into single NP amplitudes, denoted 
A'^e^i and A'°' q e " , respectively [221 • Each of these contributes differently to 
the various B — ► irK decays. (Note that, despite the color-suppressed index C, the 
matrix elements A'°' q e l ^'i are not necessarily smaller than the A'^e^'i.) 

In the presence of these NP matrix elements, the B — > nK amplitudes take the 
form 0123: 

A +0 = P' ct + A c4 e^ , 
s/2A 0+ = -PL - T e^< - P' + A' comb e^' - A ,c ' u ^" 



ct ° ± EW 



e 



A -+ = _ P ' ct _ T > e i 7 _ A c ' u e wS , 
V2A 00 = P' ct - P' EW + A> comb e 1 *' + A' c ' d j*F , (18) 



where A , ' comb e i *' = -A''V*» + A' d e w d. 

Even taking into account the fact that P' EW and T' are related ^Hj, there are 
too many theoretical parameters to perform a fit. For this reason, the authors 
of Ref. [Zj assumed that a single NP amplitude dominates. They considered four 
possibilities: (i) only A' comb + 0, (ii) only A' c ' u ^ 0, (iii) only A'° 4 + 0, (iv) 
A C)U e % ^'° = A C)d e l ^'a ', A' comb = (isospin-conserving NP). Of these, only choice 
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(i) gave a good fit; the others produced poor or very poor fits 6 . The good fit found 
best-fit values of \A'> comb /P'\ = 0.36 and \T'/P'\ = 0.22. Thus, the NP parameter 
was found to be larger than the tree amplitude, with \A' ,comb /T'\ = 1.64. 

In what follows, we assume that NP of type (i) is present in B — > 7rK decays. 
This same NP will affect B — > pK* decays. In order to calculate the effect on the 
B — > pK* polarization states, we must assume a particular form for A' ,comb . There 
are many NP operators which can contribute to A'' comb . They are 



~V2 



{fq B & 7aS qi B q + g'q B &7 m 7aS qi^ B q\ 



(19) 



A,B=L,R 



There are a total of 16 contributing operators (A, B = L,R, q = u,d); tensor 
operators do not contribute to B — ► ttK. For simplicity, we assume that a single 
operator contributes to A' ,comb , and we analyze their effects one by one. 

Note that all operators contribute directly to irK final states involving a it . They 
can also contribute to states involving a tt + if one performs Fierz transformations of 
the fermions and colors. However, the effects on tt + K° are all suppressed by at least 
1/N C , so that the contributions to ir°K + are larger. This is approximately consistent 
with the hypothesis of including only A' ,comb . 

We begin by considering the operators whose coefficients are f^ B [Eq. (|19|)]. 
Using \A'' amb /T , \ = 1.64 and 



T' 



Gf t ~ T r ( c 2 

71 ub [ Ci + n c 



75)567^(1 -7 5 )u 



B A 



(20) 



where C\ = 1.081 and C2 = —0.190 are the Wilson coefficients characterizing X" 
[T7] . we can estimate the size of the NP coefficients. To do this, we use naive 
factorization. This is reasonable since we are interested only in estimates. More 
accurate calculations can use a more precise formalism, e.g. Ref. 
We then have: 



4#* (vr 


q~f B q\0) (K + \h A s 


B+) 


V: b V us (ttO 


Mi - 




B+) (K+ 


«7 


M(l_ 75 ) a |o) 



1.64 



(21) 



Using the matrix elements given in the Appendix, we find 



AB 
1 



Co 



f K (ml - ml)FZ/y/2 ( 

J -^-^ " ; 0/ = 1.64 ci + — 

[(ml - ml) (m b - m s )]F «(ml 2m q )U V% \ N ( 



\v: b v us \ 



(22) 



6 Note that the poor fit gave a discrepancy of only about 2a with the SM, so that, strictly 
speaking, it cannot be ruled out. However, in what follows, we concentrate on the good fit. 
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We take (f K /U)(F£/F> 



1, \V: b V us /V t * b V ts \ = 1/48 and c x + c 2 /N c = 1.018. 



Taking the masses from the Particle Data Group [Hj, we find 



I fLL\ I fRR\ I fLR\ I PR. 

lid I _ lid I _ lid I _ lid 

i/ri = i/n = i/ri = 



0.069|V£Vy 
0.1381^*^1 
0.026|V t *,V ts | 
0.069 j v^jy* 



/.s 



^d 
^d 



4 MeV, 
8 MeV, 
1.5 MeV, 
4 MeV. 



(23) 



The operators associated with the parameters g 
similarly. The sizes of the NP coefficients are 



AD 

q 



[Eq. (|T9*|) ] can be analyzed 



#0 



9a 



0.0351^*^1 , q 



u, d 



(24) 



We remind the reader that we have assumed that a single NP operator con- 
tributes to J^> comb . For each operator, we have calculated the size of the coefficient 
which reproduces the B — > 7rK data. These same operators will affect the B — > pK* 
polarization states. We compute these effects in the next section. 



4 B — » pK*: New-Physics Contributions 

If there is new physics in B — > ttK decays, it is of the form b — > sqq (q = u,d), 
and will, in general, contribute to B — > pif* decays. In this section, we proceed as 
above, and calculate the effect on B — > pi^* of each of the operators in Eq. (|19j). 

We begin with some general statements. The amplitude for an arbitrary Z? — > 
V1V2 decay can be written as (for example, see Ref. [3]) 

M = ael-e* 2 + -^ (e* ■ p 2 ) (e* 2 ■ Pl ) - 2i-^" W PiP^?ef , (25) 

with 



A. = v^o, A = -ax - ^^b(x 2 - 1) , A ± = 2v / 2^cV^T, (26) 



where x = pi -^2/(^1^2)- Here we are considering B — > V1V2 decays in which the 
final vector mesons are light: <C m s . Neglecting terms of 0{m\ 2 /rn 2 B ) 1 we can 

then approximate E\ ~ i? 2 ~ \k\ = E = m B /2. Then, using Eq. (|26|). we have for 
the various linear polarization amplitudes 

E 2 

A « -(2a + 6) , An « v^a , A ± » v^c . (27) 

The procedure for computing the SM or NP contributions to polarization amplitudes 
is then clear: we first express the amplitude for a particular B — > V1V2 decay as 
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in Eq. (|23|) and then use the above relations to obtain Aq, A\\ and A±. For the 
SM, in which all operators have (V — A) x (V =F A) structure, one can show that 
2a + 6 ~ m v /m B , so that the polarization fractions are predicted to be as in Eq. (J2J). 
(We will see this explicitly below for B + — ► p + K*°.) 

The present data is consistent with the SM expectations for B + — ► p°K* + , but 
suggests that there may be new physics in 5 + — > p + K*°. For this reason, we 
concentrate on this latter decay in what follows. 

Using factorization, the SM amplitude for the decay B + — ► p + K*° is given by 



*0i 



V2 



(28) 



with 



pp 

K* 



E 



=u,c,t 



m K *g K *£*K* 



1 g 
2«io 



(29) 



The above amplitude depends on combinations of Wilson coefficients, aj, where 
CLi = Ci + Ci + i/N c for z odd and a« = q + Ci^i/N c for i even. The terms described 
by the various a^s can be associated with the different decay topologies introduced 
earlier. The term proportional to a 4 is the color-allowed penguin amplitude, P' . The 
dominant electroweak penguin P' EW is represented by term proportional to a 9 , P'f w 
is a io, and a-j and a§ are additional small EWP amplitudes. (If there were terms pro- 
portional to ai and a 2 , they would represent the color-allowed and color-suppressed 
tree amplitudes T' and C, respectively.) The values of the Wilson coefficients can 
be found in Ref [T7j . 

Using the matrix elements found in the Appendix, this amplitude can be put in 
the form of Eq. (|25|). The polarization amplitudes are then given by 



A] 



V2 



2m B m K *g K *X p 



-^v / 2m i 
y/2 



Gj_ 
V2 



y/2. 



rxir 



m. 



{A p - A p 2 ) H (A{ + AS) 



m K *g K * ( 1 + — ) A{(m 
m B 



m K *g K * 



m B 



K* 



)X 



V p (m 2 K *)X 



mz 



4:in p mK* 



(30) 



In the large-energy limit, the form factors are related 



A x = A 2 + 0{m v /m B ) , V = A 1 + 0{m v /m B ) 



(31) 



We therefore find the same suppression of the A\^± amplitudes relative to A as was 
found from helicity arguments [Eq. (j2J)]. We therefore see that the SM naturally 
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predicts the longitudinal polarization for the decay B + — > p + K*° to be enhanced by 
0{m B /m v ). 

In our simplified approach we will assume the form-factor relations above and 
ignore possible power-suppressed and a s corrections to them. We then have 

K « a(i- r "' 



A p 2 « 



vr 



op . 

m B 



a(i + 



2m, 



m, 



-Cii 



(32) 



Choosing (± « 0| gives A£ ~ Ag, and hence the SM prediction is that 

A S M « ^.ro* • XC|| , 



where X ~ -a||V^V ts | = 0.035 IVSVJ 



-G F g K *m K *m B ■ XQ\, 
-G F g K *m K *m B ■ XC,\\ , 



(33) 



tb v ts\ 



We now turn to the new-physics contributions. As mentioned earlier, there are 
16 possible NP operators. We present the calculations in some detail for two of 
them; the results for the others are included in tables. We begin with the operator 
whose coefficient is ff R [Eq. 

^f*H lR sd lR d. (34) 

Because this is a scalar/pseudoscalar operator, within factorization it does not con- 
tribute to B + — > p°K* + . However, it can affect B + — > p + K*°. To see this, we 
perform a Fierz transformation of this operator (both fermions and colors): 



_^_^J_ fRR 

N c ^2 Jd 



1 - 1 - 

- b~f R d d^ R s + - ba^'jud da^ R s 

Z o 



(35) 



It is the second term which is important (in contrast to B — > irK), as it contributes 
to B + -> p+X*°. 

Within factorization, the contribution to B + — > p + K*° is given by 
1 G f 



7\ 



■! 



d<V7«s |0> (p + 6rr^7 H d 



2N cS /2 d 

Using the matrix elements given in the Appendix, this gives 



B- 



(36) 



2T 2 1 



m 



4 / m m „* 
m B \ m B 



-K* 



Pp) 



1/ 



1)1% 



(37) 
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where the Tj are form factors and 



We again use the form factor relations |2 

Ti(g 2 ) « C±, 
T 2 (g 2 ) « a(l 



m| — 



T 3 (g 2 ) - Cl-— C B . (39) 

Comparing the above expression for the NP amplitude with the formula in Eqs. 
we see that the NP operator whose coefficient is ff R predicts 



A = -2(^Z RR , A {1 = 2V2( ± Z« R , A ± = 2V2UZ« R . (40) 
m 



(We note that A above is subleading in l/m B and so we have used the general 
expressions in Eq. EEl instead of Eq. E3 to calculate the longitudinal polarization 
amplitude.) We therefore see that this operator contributes significantly to trans- 
verse polarization states of p~K*°. The longitudinal polarization is suppressed by 
0{m v /m B ) as expected. 

We can now calculate the ratio of transverse and longitudinal polarizations, 
including the SM contribution [Eq. (}33|) ]. Assuming gx* ~ Qk* and taking the 
value of the NP coefficient from B — > irK [Eq. ([23)1] . we have with T =_L, || 

f T Jf£ R /(2N c )\ 2 /0.22, m, = 4MeV 



/ £ |X| 2 1 0.86, m d = 8MeV. 1 ; 

We therefore see that this NP operator can generate a large transverse polarization 
in B+ -> p+TT* . 

Note that we also predict for this NP operator (as well as the operator associated 
with/ Li ) 

J ~ 1 + 0(%/m B ) (42) 

which is the same as the SM prediction. 

The second NP operator for which we explicitly present calculations is the one 
whose coefficient is g^ R [Eq. ([T§])]: 

AG 

—^g^bYlLSUJvlRU. (43) 
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Table 2: Contributions to the polarization states of B + — > p°K* + from the various 
NP operators. Operators which are not shown do not contribute. The various Z's 
and X's are defined analogously to Eqs. (|55|) and (JH|) . We take (± ~ 





A 


4l 




£RR 
J U 


0(m v /m B ) 


K± P z RR 


X± P z RR 


£LL 
J U 


0{m v /m B ) 


~^ P Z L u L 




fRL 
J U 




0(m v /m B ) 


0(m v /m B ) 


fLR 
J U 


V2(y(g K *g T K *)Z™ 


0(m v /m B ) 


0(m v /m B ) 


9u 


-73(C||^ + (g K */g p )(\\MXr 


0{m v /m B ) 


0(m v /m B ) 


9 L u L 


^((\\K* + (gK*/g P )(\\JN c )xz L 


0(m v /m B ) 


0(m v /m B ) 


92* 


1 /~ VRR 


0(m v /m B ) 


0(m v /m B ) 


9t 


1 /- VLL 


0{m v /m B ) 


0(m v /m B ) 


9u L 


1 /~ VRL 


0(m v /m B ) 


0(m v /m B ) 


9u R 


-^C\\K* X u R 


0{m v /m B ) 


0(m v /m B ) 


9d L 




0(m v /m B ) 


0(m v /m B ) 


9d R 


-^\\K* X d R 


0(m v /m B ) 


0(m v /m B ) 



This operator contributes directly to B + — > p°K* + . Its Fierz transformation has 
the form (S — P) x (S + P) and, being a scalar /pseudoscalar operator, does not 
contribute to B~ — > p~K*° within factorization. In this case, the situation is much 
like the SM, and using the matrix elements found in the Appendix, the amplitude 
corresponding to this operator for B + — > p°K* + is dominantly longitudinal, with 

Ao^XrC|| , X™=^g?>g fi m%. (44) 

The contributions of all 16 new-physics operators to the B — ► pK* polarization 
states are shown in Tables El and 01 Here we present only the dominant contributions 
to f L and f T ] terms of 0{m v /m B ) are subdominant and contribute to f L T only at 
the 0{m^/m 2 B ) ~ 5% level. Of all the operators, there are only two which reproduce 
the data of Table ^ i.e. they contribute significantly to the transverse polarization 
of B + — > p + K*° while leaving B + — > p°K* + essentially longitudinal. They have the 
coefficients ff R and These are the only two NP operators which successfully 
explain both the B — > ttK and B + — > piC* data. 

This explanation of the B — > piT* data can be tested. In the SM, there is 
essentially only one dynamical decay amplitude. Because of this, one expects the 
CP- violating triple-product correlation (TP) in these decays to be very small [3]. 
However, this can change with the addition of a second NP amplitude. A nonzero 
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Table 3: Contributions to the polarization states of B + — > p + K*° from the various 
NP operators. Operators which are not shown do not contribute. The various Z's 
and X's are defined analogously to Eqs. (|55|) and (JH|) . We take ~ C||- 



Operator 


A 


4l 


A± 


fRR 
Jd 

fLL 
Jd 

fRL 
Jd 

fLR 
Jd 

9d R 
9 L d L 


0(m v /m B ) 
0(m v /m B ) 
-2( ]{p (g K */gl»)Z^ 

K\\ P {9K*lg T K *)zr 

^Q lp (g K ,/g p )Xr 


2V2( ±P Z« R 

0(m v /m B ) 
0(m v /m B ) 
0(m v /m B ) 
0(m v /m B ) 


2V2( ±p Z™ 
2V2( ±p Z^ 
0(m v /m B ) 
0{m v /m B ) 
0{m v /m B ) 
0(m v /m B ) 



value of the ff R or f^ L amplitude will lead to a nonzero TP. Furthermore, one 
expects such a TP only in B + — > p + K*°; the TP should remain tiny in B + — > p°K* + . 

We can estimate the expected size of the TP in B + — > p + K*°. In Ref. jHj the 
following measures of the triple-product correlations were defined: 

(1) = M^4g (2) M^4|) 

The corresponding quantities for the charge-conjugate process, Arp and are 
defined similarly. The comparison of the TP asymmetries in a decay and in the 
corresponding CP-conjugate process will give a measure of the true T-odd, CP- 
violating asymmetry for that decay. The TP is therefore due to the interference 
between the A± and Aq or An amplitudes, and requires that the two interfering 
amplitude have different weak phases. Recall that it was found in Ref. [7| that, to 
explain the B — > 11K data, a NP weak phase (p NP ~ 100° was needed. 

Now, at leading order, the SM yields only A ; large transverse amplitudes can 

(2) 

arise only if NP is included. However, the only way to obtain a nonzero A T ! is 
through SM-NP interference. We observe from Table El that the NP operators 
associated with the coefficients f^ R and f% L yield large values for A± or Ah. On 
the other hand, the transverse SM amplitudes are all 0(l/m B ). Thus, the SM-NP 

(2) (2) 

interference gives an A T of 0(l/m B ). Note that a measurement of the sign of A T , 
if possible, can be used to distinguish between the two NP operators. 

In contrast, the TP asymmetry Aft can be sizeable. It can arise due to the 
interference of the A SM amplitude and the A± NP amplitude. As above, this 
latter amplitude can be big for those NP operators whose coefficients are f^ R or 
f% L . For these operators, we can estimate the maximum magnitude of Aft . We first 
take the strong-phase difference between A Q and Aj_ to be zero (or 7r). In this case, 
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Aj? is by itself a measure of T-odd CP violation and we can write 



|4''l< si-0„P. (46) 

J- + ^J±/Jl 

Using 0„ P ~ 100° and Eq.HJJwe find \A^ ] \ < 32-34% for m d = 4-8 MeV. Hence we 
see that a sizeable TP is possible in the decay B + — > p°K* + . 



5 B —> <j>K* 

As noted earlier, a sizeable value of f T /f L is observed in B — > 0iT*, contrary to 
expectations. There are different SM explanations, but they all predict either that 
(i) the transverse polarization fractions are large in both B + — ► p + K*° and _B + — ► 
p°K* + , with the / T 's respecting Eq. Q, or (ii) / T is small in both B — > pK* decays. 
If either of these is not seen, new physics is needed. 

There are already several non-SM explanations of the (f)K* data [UH ITT] , but 
one can now ask the question: can one explain the kK, pK* and <pK* observations 
simultaneously? The answer is yes. One can reproduce the <pK* data with the addi- 
tion of NP operators of the form by R s sj R s or b~y L s s7 L s JTJ. Above, we have shown 
that NP operators such as lr) R s d^ R d or lrf L s d^ L d can account for the observations 
in the ttK and pK* systems. Thus, if the NP obeys an approximate U-spin sym- 
metry, which relates d- and s-quarks, one can simultaneously explain the irK, pK* 
and <j)K* observations. (A model which does this will be described in Ref. |26j.) 



6 Conclusions 

At present, there are several discrepancies with the predictions of the standard model 
(SM), in B — > (j)K, B — > <pK* and B — > ttK decays. We must stress that these 
discrepancies are (almost) all in the l—2a range and as such are not yet statistically 
significant. That is, the existence of physics beyond the SM is not certain. However, 
if these hints are taken together, the statistical significance increases. Furthermore, 
they are intriguing since they all point to new physics (NP) in h — >• s transitions. 
For these reasons, it is worthwhile considering the effects of NP on various B decays. 

One hint of NP occurs in the decays B — > <pK* . The SM naively predicts 
that the transverse polarization fraction of the final-state particles, f T , should be 
much smaller [0(rriy/m 2 B )} than that of the longitudinal polarization, f L . However, 
it is observed that f T ~ f L . There are several SM explanations, all of which go 
beyond the naive expectations. However, all make predictions for the polarization in 
B — > pK* decays. The key point is that there are two such decays, B + — ► p + K*° and 
B + — > p°K* + (and similarly for neutral B decays). By measuring the polarizations 
in both decays, one can test the SM explanations of the B —>■ <j)K* measurements. 
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In one scenario ^21 IS] , it is predicted that f T should be large in both B — > pK* 
decays. We have shown that the values of f T in both decays should obey Eq. 0. 
If this relation is not respected, then this scenario is ruled out, yielding a clear 
signal of new physics. Using present B — ► pK* data, the central values violate this 
relation. However, the errors are still extremely large, so that no firm conclusions 
can be drawn. This emphasizes the importance of more precise measurements of 
these decays. 

In the second scenario |T3] , the transverse polarizations in both B — ► pK* decays 
are predicted to be small, i.e. f L is close to 1. However, in B + — > p + K*° decays, it 
is found that /+ = 0.66 ± 0.07 (Tabled)), ruling out this scenario at the 3.5a level. 

The discrepancy in B — > nK decays can be explained by the addition of new- 
physics operators of the form b — > sqq (q = u,d) [SJ Cj- There are 16 such operators, 
all of which will contribute to B — > pK* decays. Assuming that NP is present, 
we have calculated the effect on the polarization states of B — > pK* of each of 
these operators (Tables El and Of these, there are only two which reproduce 
the data of Table ^ i.e. they contribute significantly to the transverse polarization 
of B + — > p + K*° while leaving B + — > p°K* + essentially longitudinal. They are 
fd R ^1r s d^nd and /" b^y L s dj L d. If the B — > ixK measurements turn out to show 
statistically-significant evidence of new physics, and if the B — > pK* data remain 
as in Table ^ these are the only two NP operators which can explain both sets of 
observations. 

Finally, it is natural to assume that the same type of new physics which accounts 
for the B — > nK and B — > pK* measurements also affects B — ► <pK* decays and can 
explain the observed value of j T j f L . This is possible if the NP obeys an approximate 
U-spin symmetry. In this case, there are also NP operators of the form b'-fuS s'juS or 
b~f L ss , -f L s, which can reproduce the <pK* data [TT]. This type of NP can therefore 
simultaneously account for the irK, pK* and 4>K* data. 

Note that it is quite possible that, with more data, the experimental measure- 
ments will change, leading to a different pattern of new-physics signals. In this case, 
the conclusions presented in this paper will have to be modified. However, we must 
stress that this type of analysis will ultimately be necessary. Rather than look for 
NP solutions to each individual discrepancy with the SM, it will be far more com- 
pelling to search for a single solution to all NP signals. Thus, an analysis of the 
type presented in this paper will have to be carried out. 

Acknowledgements: This work is financially supported by NSERC of Canada. 
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Appendix 

The matrix elements used in the paper: we have 



71 



K + 
K + 



g(l±75)5|0) 
g 7 ^(l± 75 )g|0) 

- lb)s |o) 



6(1±75> 



&7 M (l±7 5 )s 



7T 



&7/.(l - 75)« 



(ir*|g7 M s|0) 
(p|6 7 M (l±75)g|5)^* 



(^l^slO) 
(p\ba^q\B)pf 

(p\ba^ l5 q\B)pf 



u^u |0) 



(/r|Sy(i± 7B ) s |s>e^ 



m s - m b 
(Pb+Pk)^ ~ 



2 2 

m B — m K 



+ 



2 2 
171 B ~ m K 



%K > 9a* = (Pb - Pk) m , 



(Pb + - 



2 2 
m B ~~ m ^ 



2 2 

— m 



+ 



g K *m K *e£ , 



2i 



m B + m p 



V P^ a P^- e *P e *K- ± + ^ A P e * P 



m B + m p v 



1 9t \^K*fK 



2T^p K ; p% p , 



-iTo 



-ml) e*;-(e;.p K *)(p%+p» 



iT 3 (e* p - PK *) 



m. 



p 



K* 



m%-m p 



V2 



q m €*v 

J P P p 



2i 



m B + m K * 



m B + m K 



- (p P ' e* K *) (p K * -e* p ) 
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